The reintroduction of threatened fish species in areas where wild populations have been depleted due to anthropogenic impacts is an increasingly popular conservation tool and mitigation policy. Despite the importance of fish reintroduction for conservation purposes, little is known about its efficiency. Here, we assessed the viability of reintroduction of the endangered migratory fish, Brycon orbignyanus, in an area of the Upper Uruguay River basin where the species has not been reported for more than 30 years. We released 4000 yearling juveniles in the Pelotas River in 2014 and maintained 400 juveniles in captivity as a control population. After three years, a total of 13 individuals was recaptured, of which, 10 were considered sexually mature with first maturation being recorded in animals larger than 42 cm in total body length. The age-length comparison with a control population growth curve showed that recaptured fish were slightly bigger than those in captivity. Furthermore, important ecological attributes as schooling behavior and dispersal capacity were recorded for all recaptured individuals. Combined, our results suggest that the re-establishment of a self-sustained population of locally extinct species B. orbignyanus in the Pelotas River may be successful if sustained over time and supported by conservation policies.
Introduction
Anthropogenic disturbances have largely contributed to the recent loss in biodiversity in aquatic ecosystems [1] . Habitat fragmentation and obstruction of migration routes due the construction of dams have led to the decline and local extinction of numerous fish species [2] . Attempts to recover depleted populations have been implemented worldwide [3] as species loss can affect the stability, resilience, and food web dynamics of aquatic ecosystems and also impact the welfare of human populations that depend on fisheries resources [4] [5] [6] . The reintroduction of captive-bred fishes in areas where wild populations have been extinguished has been commonly used as a fisheries management tool and for conservation purposes [7, 8] .
In reintroduction programs, the establishment of self-sustaining populations in the wild is the principal aim for the long-term viability of fish stocks. The success of reintroduction programs depends on the size and health of released fish, behavioral changes due to domestication and characteristics of the release site as water quality and flow, food availability, and presence of predators [9] . Historically, stocking of endangered fish species into their former habitats have low success rates, often related to post-release mortality and wrong pre and post-release management strategies [2] . Therefore, survival to reproductive age is crucial to the establishment of self-sustaining populations in rivers affected by human activities [10] .
In Brazil, all the major rivers are under the influence of dams, impoundments, and other human-related activities [11] . The Upper Uruguay River Basin, for example, has experienced a considerable change in land use since the first human settlement in 1620. As a consequence of unplanned economic development, the fish community suffered impacts from pollution, overfishing, deforestation, and most importantly, from the construction of in-stream barriers [12] . In the early 1980's, the basin was highly contaminated by industrial and urban effluents, which had a great impact over the river's wildlife [13] . A large mobilization of the community and governmental authorities was able to improve the water quality, but did not restore fish populations [13] . In addition, the construction of a sequence of four hydroelectric dams in the Upper Uruguay River Basin blocked the reproductive migration routes of large migratory fishes, such as Brycon orbignyanus, Salminus brasiliensis and Pseudoplatystoma corruscans [14] .
Brycon orbignyanus is a South American freshwater migratory species that inhabits the Uruguay, Paraná and Paraguay river basins, attaining a maximum weight of 10 kg and 800 mm of length [13] . This omnivorous fish is highly dependent on riverine forests and plays an important role in the dispersal of seeds [15] , as its diet primarily consists of fruits, plants, and insects [12, 16] . Pronounced schooling behavior observed in B. orbignyanus is an important ecological trait for its reproduction, which consequently makes the species more vulnerable to overfishing. Due to inadequate management of riverine areas, the species is federally listed as endangered and has practically disappeared from the Lower and Upper Uruguay basins [17] . Furthermore, the species remained absent from surveys conducted in Upper Uruguay from 1986 to 2000 and has not been reported by local fishermen associations since 1980 [12] .
Effective reintroduction programs and management actions focused on the re-establishment of fish populations could revert the current status of B. orbignyanus in areas where the species is considered functionally extinct. In this study, a reintroduction experiment was implemented in an attempt to assess the survival, dispersal, and growth of captive-bred juveniles of B. orbignyanus stocked in the Pelotas River to support the development of a long-term reintroduction program. The results of this research have implications for other conservation programs of endangered migratory fish species that use reintroduction as a tool for recovering locally extinct populations.
Results
We recaptured 13 fish in the Pelotas River on 5 occasions during 2016 and 2017. Schooling behavior was observed on 3 occasions with up to 5 fish recaptured at the same time. Additionally, downstream dispersal was registered for all individuals and the range of recapture was between 36 and 80 km from the release site ( Figure 1 ).
Individuals varied from 377 to 492 mm in total length and from and from 776 to 1600 g in total weight (detailed information on Table S1 in the Supplementary Material). Despite the presence of gonads in all the 13 fish, only 10 were considered sexually mature with first maturation being recorded in animals larger than 42 cm. (Figure 2 ). Genetic analysis showed that molecular variance between recaptured and control population was considered low for B. orbignyanus, with a significant pairwise Fixation index (Fst = 0.108, p < 0.001) [18] (detailed information on Tables S2-S4 in the Supplementary Material). than expected by the growth curve the control population ( Figure 2 ). Parameter estimates and 95% confidence interval of fitted growth model from control population are described in Table 1 . than expected by the growth curve the control population ( Figure 2 ). Parameter estimates and 95% confidence interval of fitted growth model from control population are described in Table 1 . Comparisons between the age-length relationship of recaptured fish and the growth model from control population indicated that the growth rates of recaptured individuals were significantly higher than expected by the growth curve the control population ( Figure 2 ). Parameter estimates and 95% confidence interval of fitted growth model from control population are described in Table 1 . 
Discussion
We have assessed the viability of reintroduction of a locally extinct species, Brycon orbignyanus, in the Pelotas River by determining whether released fish were capable to survive, disperse, and grow in the study area. Our results suggest that the habitat provided enough resources for reintroduced fish to survive and grow to reproductive age. The age-length comparison with the control population showed that recaptured fish were slightly bigger than the captive animals and indicated a good potential for the recovery of a population of B. orbignyanus in the area. Furthermore, reintroduced individuals demonstrated the capacity to form schools and to disperse along the river that indicates the conservation of important life-history traits for the species.
We observed relatively low levels of molecular variance between the recaptured and control populations, indicating similarities between them [18] . However, the genetic data available unable us to conclude whether control and recaptured individuals derived from the same founders, as there is, to some extent, genetic differences between the two study groups. We understand that the observed levels of genetic variation between groups are a consequence of the composition of the parental population that was sourced across an area of approximately 300 km of the same river basin over a period of 10 years. Such genetic diversity was intentional when selecting the released group, as genetic variation can contribute to the success of reintroduction programs by enabling the species to better respond to natural selection and adapt to their new environment [19] . Future studies should aim for exact similar parental populations for released and control populations. By doing so, one could potentially understand which genotypes are most likely to be successfully reintroduced.
Several studies have demonstrated the importance of post-release survival, dispersal, and growth to reproductive age [8, 9, [19] [20] [21] for the success of reintroduction programs and that post-release mortality has a large impact over the initial population size [22] . It is considered for larger juveniles to have higher chances of surviving when released into the wild [23, 24] , and thus, the release of yearling juveniles was considered appropriate for the purpose of this experiment. While we could not estimate survival rates, our data shows that reintroduced fish were capable to survive for more than three years to reach sexual maturity.
Brycon orbignyanus has late sexual development compared to other freshwater fish species, with maturation starting between the second and third year of life with at least 30 cm of body length [25] . However, the estimated size of the first maturity where 100% of the individuals of the species are sexually mature (Lm100) is around 42 cm. In our study, the length of sexually mature individuals varied between 42 and 49 cm. As a large migratory fish, the species is known to migrate downstream for reproduction in the lower Paraná and Uruguay rivers, during December and January each year [26] . However, the opposite migration pattern occurs in the upper Paraná River, where the reproductive migration occurs upstream [15] . This different migratory behavior between populations suggests that the reintroduced animals might be able to reproduce using the stretch of free-flowing river upstream the Barra Grande Dam.
Long-term monitoring is an important component of successful reintroduction programs [3] . While our reports of survival and dispersal indicate the preliminary success of this experiment, the number of recaptured individuals were small when compared to the total number of stocked animals, but considering the large area of study and the relatively small effort put in to this experiment, we believe that is likely that a larger group of individuals will be inhabiting the area. Environmental and biological variables have important impacts on reintroduction outcomes [10] and given this, we can conclude that a bigger stocking effort is needed in order to establish a self-sustaining population. Studies of population modeling for the reintroduction of endangered fishes suggest that long-term (5-10 years) stocking strategies are more likely to succeed by increasing the chances of the stocked cohort encountering favorable environmental conditions [8, 27, 28] Addressing the cause of a population's initial decline is also crucial for the reestablishment of locally extinct populations and the long-term success of a reintroduction program [3] . In the Upper Uruguay River, physical barriers to migration, deforestation, and overfishing led to the decline of the species [12, 13] . We highlight the importance of the establishment of protected areas in the Upper Uruguay River Basin alongside with improving the enforcement of fisheries regulations in order to reduce the impact of the fishing activity over large migratory species. Our study indicates that threatened large-bodied migratory fishes can be successfully reintroduced in rivers affected by human activities if supported by a group of interconnected management practices.
Materials and Methods

Study Area
The study was conducted in the Pelotas River, the main headstream of the Upper Uruguay river basin. The river rises in the highlands of Santa Catarina State in Brazil and flows Northeast for 450 km until meeting the Canoas River forming the Uruguay River. The rocky terrain and the topography of the watershed result in sudden variations in flow [12] . Juveniles of Brycon orbignyanus were released in an area located 90 km upstream from the Barra Grande dam, the highest hydropower dam in a sequence of 4 dams in the upper Uruguay Basin (Figure 1 ).
Source of Fish
The population used to establish the restocking program was obtained from the remaining areas where the species is still present in the Upper Uruguay River basin and kept in captive at the Piscicultura Panama Aquaculture station. We utilized the hormone-induced reproduction technique described by Woynarovich and Horváth (1983) for warm-water freshwater fish species. [29] . The reproduction protocol aimed to maximize the genetic diversity following the guidelines described for B. orbignyanus [30] , which included maintaining a sex ratio of 1:1 in spawned broodstock with single-pair mating and mixing offspring from all matings together before release.
The rearing protocol focused on providing life-skill training for juveniles to increase post-release survival rates [10] . Initially, larvae were fed using live bait in the hatchery and then transferred to fertilized earthen ponds under semi-natural conditions and fed with an artificial extruded diet. Fish were reared for one year alongside with other native species to stimulate behavioral learning [31] .
Release and Post-Release Monitoring
The location and season for the release were established following the recommendations set out by the IUCN guideline for reintroduction programs [32] . We chose to release the juveniles during spring because historically the resources to ensure feeding are more abundant during spring and summer in the region. The presences of marginal forests, prey and predators as well as the influence of human activities and access for vehicles were taken into account. In November 2014, 4000 yearling juveniles were released. We used a soft-release approach, with 90 min of pre-release acclimatization, in order to improve the post-release survivorship [33] .
We conducted two surveys per year for 3 years, in four sites in the study area using nine 30 m gillnets with 1.5 m of height and mesh sizes between 1.2 cm and 100 cm opposites knots. In addition to our systematic monitoring, the fishermen association was responsible for a greater fishing effort, with 35 registered fishermen fishing on average 2 days per month with 50 m gillnets with 1.5 m of height and mesh sizes between 50 cm and 120 cm opposites knots. The nets were set for twelve hours per day at every location.
Captured fish were measured, weighted and eviscerated for gonadal removal. Sexual maturity was visually classified by gonad examination following Vazzoler (1981) [34] : Stage I (immature); gonads of reduced size, translucent, located adjacent to the vertebral column, stage II (maturing); gonads occupying a third of the abdominal cavity with well-developed capillary network; stage III (mature); gonads turgid, occupying the majority of the abdominal cavity; and stage IV (empty or resting) gonads flaccid with hemorrhagic aspect. For the propose of this study, we considered fish as immature when gonads were classified as stage I and mature when gonads classified as stages II to IV. We compared the results of the gonadal analysis with the estimated size of the first maturity for the species where 100% of the individuals are sexually mature (Lm100) [35] .
Control Population
In order to enable a comparison with the reintroduced fish four hundred juveniles were randomly selected and kept in captivity in low densities (1 individual m −2 ) [36] forming the control population. Weight (g) and length (cm) of the control population were monitored during a period of 1200 days. The collected data were used to create a growth curve and compare the growth of the control population with the reintroduced animals.
Genetics
We conducted analysis to investigate genetic variance between recaptured fish and control population. We extracted and purified DNA from caudal fin tissue collected from 13 B. orbignyanus caught from the Pelotas River and 26 individuals from the control population kept in captivity. Total genomic DNA was extracted using the modified salt (NaCl) extraction protocol [37] . We investigated the genotype of the 39 individuals using nine microsatellite loci [38] . Genetic population structure was quantified by analysis of molecular variance (AMOVA) [39] . The pairwise Fixation index (Fst) was used to estimate the genetic differentiation between populations of recaptured and captive fish. All genetic analyses were conducted using the software GenAlEx 6,5 [40] .
Growth Model
To compare the fish growth of recaptured and captive individuals, we fitted a von Bertalanffy growth model [41] for control population:
where Lt is the average length expected at time t; L∞ is the asymptotic average length; K the annual growth, and t0 the theoretical age at zero length. To estimate the initial values of L∞ and t0, we applied the vbStarts function. Subsequently, to fit a von Bertalanffy growth curve for the control population we applied a non-linear least squares regression using the nls function. Finally, we assessed the position of the recaptured individuals in relation to the growth curve from the control population. The analysis was performed in R [42] using the fisheries stock-assessment method package (FSA) for R [43] .
Regulatory and Ethical Compliance
This study was performed under the authorization 93/2012 from the Brazilian Institute of Environment and Renewable Natural Resources-IBAMA, with the approval of the Ethical Committee on Animal Experiments (permit 171.2012.50 CEUA/UEL).
Conclusions
In this study, we observed that reintroduced juveniles of B. orbignyanus were able to reach the size of first maturation and conserved important life history traits for the species (e.g., dispersion capacity, schooling behavior). These results suggest that the re-establishment of the species in the area of study might be possible [3] . However, a long-term monitoring program will be required to identify changes in population trajectory and assess if reintroduced fish will be able to reproduce and establish a self-sustained population [8] [9] [10] in the Pelotas River. Additionally, we suggest that strategic planning has to be applied in the basin scale when dealing with migratory species with large home ranges.
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